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Sections  of  CDA  706  piping  and  Monel  400  tubing  were  severely  pitted  after  exposure  to  marine  and  estuarine 
waters.  Pits  developed  under  surface  deposits  of  mixed  bacterial  communities  containing  lO^-lo'’  sulfate-reducing 
bacteria  (SRB).  Localized  corrosion  was  attributed  to  a  combination  of  differential  aeration  cells,  a  large 
cathode.. small  anode  surface  area,  concentration  of  chlorides,  development  of  acidity  witliin  tlic  pits  and  the  spccifie 
reactions  of  the  base  meuils  with  sulfides  produced  by  tlic  SRB.  Chlorine  and  sulfur  reacted  selectively  with  the  iron 
and  nickel  in  the  alloys.  Nickel  had  been  removed  from  tlie  pitted  areas  leaving  a  copper-rich,  spongy  pit  interior.  SRB 
isolated  from  in-service  corroding  systems  were  used  to  inoculate  copper-  and  nickel-containing  foils  for  laboratory 
studies.  Environmental  scanning  electron  microscopy  (ESE.M)  and  energy  dispersive  x  ray  analysis  (EDSj  were  used 
to  characterize  the  topography  and  chemical  composition  of  the  wet  biofilm/corrosion  layers.  The  thickness,  tenacity 
and  chemistry  of  the  sulfide  layers  as  well  as  the  severity  of  localized  corrosion  varied  among  the  alloys  and  mixed 
cultures. 


KEYWORDS.  Biocorrosion,  Cu-Ni  seawater  piping,  sulfate-reducing  bacteria,  anaerobic  corrosion,  marine  corrosion, 
estuarine  corrosion,  CDA  706,  Monel  400,  ESEM. 
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Copper  and  nickel  alloys  have  a  long  history  of  successful  application  in  the  marine  environment.  Copper  alloys  are  ] 

frequently  used  for  seawater  piping  systems  and  heat  exchangers  due  to  good  corrosion  resistance  combined  with 
mechanical  workability,  excellent  electrical  and  thermal  conductivity,  case  of  soldering  and  bra/.ing,  and  a  resistance  to  I 

macrofouling.  Alloying  nickel  and  iron  into  copper  alters  the  ccrrob.on  product  and  improves  corrosion  resistance.  CDA  ; 

706  (an  alloy  containing  88.5%  copper,  10%  nickel  and  1.5%  iron)  has  been  shown  to  be  the  moht  corrosion  resixtant  i' 

copper-based  alloy  for  '■eawatcr  service.*  I 

Nickel  alloys  such  as  Monel  400  (containing  66.5%  nickel,  31.5%  copper  and  1.25%  iron)  have  been  used  extensively 
in  highly  aerated,  fast-moving  seawater  environments  such  as  evaporators,  heat  exchanger  pumps  and  valves,  diffusers  for 
steam  nozzles  iri  steam  ejectors  and  turbine  blades."  A  passive  film  similar  in  structure  to  that  observed  on  pure  nickel  is  i 

formed  on  Ni-Cu  alloys  having  more  than  30%  Ni  while  alloys  containing  less  than  this  amount  of  Ni  behave  like  [- 

copper.-’  j; 

■'  f 

s 

Copper  and  nickel  alloys  are  susceptible  to  several  types  of  localized  corrosion.  Premature  corrosion  failures  in  ^ 

•  «  I 

predominantly  copper  alloys  have  been  attributed  to  erosion  corrosion  caused  by  the  removal  or  breakdown  of  the  t 

protective  film  by  mechanicui  forces,  sUch  as  local  turbulence  or  impingement*  and  undcr-dcposit  corrosion.^  In  high  ^ 

velocity  seawater,  nickel  alloys  are  superior  to  predominantly  copper  alloys  because  the  protective  surface  film  remains 
intact  under  highly  turbulent  and  erosive  conditions. '  Monel  is  susceptible  to  pitting  and  crevice  corrosion  attack  under  v 

stagnant  conditions.^'**^  I 

I 

f 

Differential  aeration,**  selective  leaching,*"  under-deposit  corrosion*^  and  cathodic  depolarization*^  have  been  : 

reported  as  mechanisms  for  microbiologieally  influenced  corrosion  (MIC)  of  copper  and  nickel  alloys.  Popc*^  proposed  i 

that  the  following  microbial  products  accelerate  localized  attack.  CO2,  H2S,  NH3,  organic  and  inorganic  acids, 
metabolites  tliat  act  as  depolarizers,  and  sulfur  compounils  such  as  mercaptans,  sulfides  and  disulfides.  Geesey  ct  al.**’  ‘ 

demonstrated  that  bacterial  exopolymers  play  a  role  in  the  corrosion  of  copper  alloys.  i 

This  paper  will  present  case  histones  of  iTii..,robiologicall>  influencevl  corrosion  in  a  CDA  706  seawater  piping  system 
and  in  Monel  400  tubing,  and  laboratory  studies  of  copper/nn.kel  alloys  exposed  to  anaerobic  bacteria  including  SRB. 

MATERIALS  AND  METHODS 

Field  Studies 

CDA  706.  A  heavily  pitted  section  of  CDA  706  piping  (15  cm  1  x  2.5  cm  I.  D.,  wall  thickness  3.6  mm)  was  removed 
from  tlie  seawater  piping  system  of  a  surface  ship  after  approximately  one  year  of  .service.  During  operation  of  the  .ship  the 
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seawater  piping  system  had  been  maintained  with  continuously  flowing  seawater  (1.6  m/scc)  at  a  maximum  temperature 
of  30°C.  However,  during  the  12-18  months  of  the  shipbuilding  process,  the  system  had  been  operated  with  estuarine 
water  from  the  Gulf  of  Mexico  with  intermittent  flow  and  long  periods  of  stagnation.  At  the  time  of  removal,  the  pitted 
section  was  inspecicd  visually,  subscctioned  and  placed  in  refrigerated  4%  glutaraldehyde  prepared  in  filtered  seawater. 
Tiic  glutaraldehyde-fixed  subsamplcs  were  taken  through  a  scries  of  distilled  water  washes,  dehydrated  through  acetone 
and  xylene  washes  and  air-dried.^^  Surface  chemical  analyses  were  performed  with  a  KF.VEX  7000  energy  dispersive  x- 
fay  spectrometer  (EDS)  coupled  to  an  AMRAY  lOOOA  scanning  electron  microscope  (SEM) .  Subsecuons  were  sputter- 
coated  with  gold  for  scanning  electron  micrographs. 

Water  collected  from  ihe  seawater  piping  system  was  analyzed  for  salinity*^,  dissolved  oxygen*^,  pH,  chlorinity*^, 
touil  suspended  solids^^,  total  organic  carbon^^  and  total  dissolved  sulfate.^^  Dissolved  sulfides  were  measured  using  a 
modification  of  the  method  described  by  Strickland  and  Parsons^®  that  uses  a  10  cm  cell  to  increase  sensiuvity  (detection 
limit  is  6.5  ppb)  .  Numbers  of  SRB  in  the  flow-through  water  and  in  the  biofilm  were  estimated  by  the  most  probable 
number  (MPN)  method  using  a  medium  containing  lactate  as  the  electron  donor  and  carbon  source  and  made  to  the 
salinity  of  the  seawater.^^ 

Monel  400,  An  experiment  was  designed  to  evaluate  the  corrosion  behavior  of  Monel  400  under  conditions  of 
intermittent  flow  similar  to  those  described  for  the  CDA  706  during  shipbuilding.  Monel  400  tubes  (6.0  meters  x  20  mm 
I.D.,  wall  thickness  1.9  mm)  W'crc  maintained  with  intermittently  flowing  (1.5  m/sec)  and  with  stagnant  Gulf  of  Mexico 
water  for  approximately  six  months.  After  one  month  of  continuous  flow,  the  water  in  the  tube  sections  was  allowed  to 
stagnate  for  one  week  after  which  the  flow  was  resumed.  At  the  conclusion  of  tlie  test  period,  tubes  were  cross-sectioned, 
visually  inspected,  scraped  for  SRB  enumeration  and  prepared  for  SEM/EDS  analyses  as  previously  described.  Gulf  of 
Mexico  water  was  also  collected  and  analyzed  for  the  parameters  described  previously. 

Laboratory  Te.sting 

Sampling  and  Maintenance  of  Cultures.  SRB  used  in  the  following  experiments  were  isolated,  characterized  and 
maintained  at  the  Naval  Surface  Warfare  Center.  The  enrichment  medium  used  to  isolate  and  maintain  the  mixed 
microbial  cultures  contained  lactate  as  the  electron  donor  and  carbon  source  for  growth.^  ^  The  medium  was 
supplemented  with  2.5%  (wt/vol)  NaCl  for  enrichment  of  marine  microbes.  All  cultures  were  grown  anaerobically  at 
room  temperature  in  sealed  bottles. 

Table  1  shows  the  location  from  which  the  mixal  microbial  cultures  (obligate  and  faculuitive  anaerobes,  SRB  and  non¬ 
sulfate  reducers)  were  originally  isolated.  Cultures  I-V  were  obuined  by  ascpUcally  scraping  3”  x  3”  corrosion  coupons  in 
a  constant  immersion  flume  tank  at  NAVSWC/Ft.  Lauderdale,  FL.  Culture  VI  was  obtained  from  fouling  deposits  in  a  sea 
chest  (seawater  piping  system)  of  a  surface  ship  at  Long  Beach  Naval  Station  in  Long  Beach,  CA.  Culture  VII  was 
isolated  from  moisture  Lapped  under  th  cargo  ramp  of  a  C- 130  transport  plane.  This  aircraft  was  at  the  Naval  Aviation 
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Depbtl(NADEP)'at  Cherry  Point,  NC  for  corrosion  maintenance  where  the  ramp  area  showed  signs  of  blistcnng  an,.,  )r 
peeling  of  the  protective  ejraxy/polyuretliane  coatings.  Cultures  I-VII  were  used  to  inoculate  1  cm^  copper-conunm  .-i 
coupOTS  (99CUi  90Cu:10Nl,  70Cu;30Ni  and  brass  [4Fe:27Zn;69Cu]).  The  coupon  cultures  were  .aairitained  for  4  to  r 
monthjs  with  the  cells  fed  every  7-10  days. 

Characterization  ofSRB  From  the  Mixed  Communities.  Postgate  medium  was  used  for  the  salt  tolerance  test  for  the 
SRBtpure  cultures.  NaCl  was  added  in  0.5%  increments  (range  tested  was  0%  to  4%  NaCl).  SRB  colony  types  were 
tested  using  the  desulfoviridin  test.^^  One  milliliter  of  each  culture  was  pelleted  in  1.5  ml  microfugc  tubes  and  suspended 
in  100  microliters  of  growtli  medium.  Cells  were  lysed  b^  adding  50  microlivers  of  2N  NaOH.  The  tubes  were  vortexed 
and  the  lysate  was  immediately  viewed  under  longwave  UV  irradiation  (365  nm).  A  red  fluorescence  indicates  the 
presence  of  the  desulfoviridin  pigment  and  is  evidence  for  the  presence  of  Desulfovibrio. 

Single  colonics  of  each  SRB  were  streaked  onto  Postgate  medium  B  plates  supplemented  with  the  following  antibiotics, 
ampicillin,  50  micrograms/ml,  tetracycline,  15  micrograms/ml,  kanamycin,  50  micrograms/ml,  streptomycin,  25 
inicrograms/ml,  and  chloramphenicol,  10  micrograms/i.il.  Growtli  within  2  days  meant  the  SRB  were  resistant  to  that 
antibiotic.  After  5  days  no  growth  was  scored  as  sensitive  to  the  antibiotic.  Ampicillin  was  purchased  from  ICN 
Biochemicals  (Cleveland,  OH)  and  the  other  antibiotic;,  were  purchased  from  USB  Corporation  (Cleveland,  OH). 

At  the  end  of  the  exposure  periods,  surface  topography  and  chemistry  were  documented  using  an  Eleciroscan  Model  E- 
30  environmental  scanning  electron  microscope  and  a  Tracor  Northern-Model  5502  energy  dispersive  x-ray  spectrometer 
(ESEM/EDS).  Coupons  were  removed  from  the  culture  medium,  carried  through  a  scries  of  salt  walcr/distillcv!  water 
washes  and  examined  directly  from  distilled  water. 


RESULTS 

Field  Studies 

CPA  706.  The  surface  of  the  CPA  706  pipe  was  heavily  pitted  (Figure  la).  Surface  deposits  were  thick  and 
multilayered,  varying  in  color  with  depth.  Outermost  layers  were  d.irk  green  to  reddish-brown.  Bright  bluish-green 
deposits  were  found  on  the  surface  in  unpitted  areas.  Pii  interiors  were  black  and  pit  depths  were  typically  1. 7-2.0  mm.  A 
cross-section  thiough  the  pitted  areas  exposal  subsurface  bai,tena  within  the  thin,  black  deposit  and  a  spongy  subsurface 
(Figure  lb).  Scrapings  from  the  area  within  tlic  pits  indicated  tlic  presence  of  1  x  10-*  SRB  cm‘^  compared  to  1  x  10* 

r\ 

SRB  cm'^  detected  within  the  surface  film  on  the  unpitted  areas.  The  EPS  spectrum  of  the  base  metal  sliowing  tlic 
relative  concentrations  of  iron,  nickel  and  copper  is  shown  in  Figure  2a.  An  EPS  spectrum  taken  in  the  bacterial  layer 
o..c.vcd  concentrations  of  aluminum,  silicon,  phosphorus,  sulfur,  calcium  and  chlorine  in  addition  to  elevated  amounus  of 
ir>  II  and  nickel  (Figure  2b,c).  The  EPS  spectrum  of  the  spongy  layer  under  the  bacteria  indicated  an  accumulation  of 
phosphonis  and  a  depletion  of  nickel  (Figure  2d). 

Water  removed  from  the  failed  pipe  section  was  typical  of  seawater  ^salinity ,  35  °/vv,  dissolved  oxygen,  6.4  mg  F  * ,  pH, 
8.2;  total  organic  carbon,  1.8  mg  I'*,  total  suspended  soiids,  3.0  mg  1*,  and  total  dissolved  sulfate.  2.4  g  1*).  Pissolved 
.sulfides  were  below  detection  limits.  The  SRB  concentration  in  tlic  bulk  .seawater  was  typically  1  x  10*-10‘  cc'*. 
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Monel  400,  Visual  examination  of  the  Monel  tubes  indicated  a  multilayered  sealc  and  localiical  attack.  The  scales  were 
characterized  by  surface  blisters  (Figure  3  a)  that  contained  corrosion  products  and  bacteria.  The  concentration  of  SRB 
within  these  surface  deposits  was  typically  1  x  10^  cm'^.  Removal  of  tlic  scale  exposed  localized,  irrcgular-shapcd  pits 
that  averaged  0.4  mm  wide  x  1.0  mm  deep  (Figure  3  b).  The  EDS  spectrum  corresponding  to  unexposed  Monel  400 
indicated  the  relative  amounts  of  copper,  nickel,  iron  and  manganese  in  the  alloy  (Figure  4a).  The  EDS  specuum  from  die 
black  layer  within  tlic  pits  showed  an  accumulation  of  sulfur  and  chlorine  along  with  increased  amounts  of  iron  compared 
to  tlie  base  alloy  (Figure  4b)  Physical  removal  of  die  bioFdm  from  the  pit  exposed  a  copper-ndi  region  that  w*ts  depleted 
in  nickel  and  iron  (Figure  4c). 

During  tlic  test  period,  tlic  Gulf  of  Mexico  estuarine  water  temperature  varied  from  9'C  to  30'C,  pH  varied  from  7.4  to 
8.2;  and  chlorinity  varied  from  4.3  to  20.0  Cl"  indicating  a  range  of  salinity  from  7.7  to  37.  Total  suspended  solids 
ranged  from  10  to  65  mg  1"^  Dissolved  oxygen  varicti  from  4.3  mg  1'^  during  the  summer  to  10.8  mgl'^  during  the 
winter  montlis.  Dissolved  sulfides  were  below  detection  limits.  The  mean  concentration  for  sulfat.^s  (S04  ‘>  was  2.5 
gm  r^.  The  SRB  concentration  in  the  estuarine  water  was  1  x  10-  to  10^  cc’l 

Laboratory  Tc.sting 

IrMial  Characterizations  of  SRB  From  the  Mixed  Conununities.  SRB  are  found  in  natural  water  of  all  salimUe*  from 
near  zero  to  saturation.  Above  25t  NaCl  the  population  is  almost  always  Desulfovibriu.  Most  SRB  obtained  from  the 
marine  environment  (cultures  I  VI  in  Table  2)  have  an  ab.soIute  raiuircmcnt  for  0.5%  or  greater  conccnuation  of  NaCl. 
There  were  SRB  from  culttircs  II  and  I\'  that  had  an  absolute  requirement  for  l.O^t.  or  grc<iter  conccnmations  of  NaCl.  The 
SRB  grew  equally  well  in  NaCl  concentrations  from  1.0  to  4.0%.  From  culture  VII  (non-marine  environment;,  pure 
cultures  of  SRB  were  obtained  that  grew  on  0%  NaCl  but  grew  equally  well  on  seawatci  concentrations  of  iNaCl 
(facultative  halophilc). 

Variations  in  SRB  colonies  and  cell  mor]<hologies  from  .-lonic  of  the  mixed  communities  siiggesteil  that  different  strains 
and/or  species  of  lactate  utilizing  SRB  were  isolated.  Many  of  die  pure  culture  SRB  isolates  from  mi.xed  cultures  I-VII 
(marine  and  non-marine)  were  dcsulfoiiridin-ixisitive.  From  this  .md  .-lalt  tolerance  tests,  ii  appear*  likely  that  lliesc  pure 
cultures  arc  Dcsiilfovibrio.  From  the  non-marine  culture  VII,  SRB  were  obtained  that  .ihowcd  no  fluorescence 
(dcstilfoviridin  negative).  Further  characterization  of  the  SRB  (in  pure  and  mixed  cultures;  will  involve  the  use  oi 
fluorescent  16s  rRNA  probes  for  SRB.  Some  of  the  SRB  will  be  idciuificu  using  gas  chroiiiatography  on  total  fatty  acid 
composition  by  Microbial  ID,  Inc.  (Newark,  DE)  or  by  an  in  depth  study  of  the  physiology,  metabolism,  total  fatty  acid 
composition  and  growtli  optimi/.ation  by  ATCC  (Rockville,  MD).  Table  2  shows  rcsKstance/scnsitivity  of  tlic  SRB  to  five 
antibiotics  commonly  used  in  microbial  genetics  studies  and  rcstilLs  for  the  dcsulfoviridin  test. 

All  copper-containing  metals  exposed  to  anaerobic  cultures  containing  SRB  were  covered  with  black  sulfur-rich 
deposits  (Figure  5  b,d).  Samples  cxpo.vcd  to  growtli  medium  only  exhibited  a  thin  black  tenacious  layer  on  59Cu  and  no 
black  (IcposiLS  on  brass  (Figtiic  5  a,c).  The  thlvkncss  of  the  surface  deposics  on  99Cu  in  die  prc.scncc  of  SRB  varied 
among  die  cultures  (Figures  6  a,b.  Table  3).  The  tenacity  of  the  corrosion  products  varied  widi  material  and  culture. 
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Sulfide  layers  ofi  99Cu  were  consistently  nonadherent  and  in  the  case  of  culture  VI  most  of  the  surface  deposits  sloughed 
into  the  growth  medium  (Figure  7).  Sulfide  corrosion  products  on  copper  alloys  were  more  adherent.  Sulfide  layers  on  all 
brass^samples  were  thin,  tenacious  and  difficult  to  scrape  from  the  surface.  In  all  cases,  bacteria  were  closely  associated 
withuhe  sulfur-ricl.  deposits  (Figure  8  a-d).  Many  of  the  bacteria  were  encrusted  with  deposits  of  copper  sulfides  (Figure 
9).  Figure  10  is  an  EDS  spectrum  collected  from  the  surface  of  CDA  706  coloni/.cd  by  culture  VII.  Surface  deposits 
wereicnriched  in  silicon,  phosphorus,  sulfur,  manganese,  iron  and  nickel.  Table  4  is  a  summary  of  the  elemental 
composition  of  90Cu;10Ni  and  70Cu.30Ni  before  and  after  colonization  by  cultures  II  and  VII,  respectively.  In  both  cases 
'he  sulfide  layers  were  enrichal  in  iron  and  nickel.  The  biofilm  on  90Cu.l0Ni  conuined  elevated  amounts  of  manganese. 
The  surface  chemistries  on  brass  were  not  evaluated  because  the  EDS  software  cannot  quantify  zinc. 

CoiTosion  under  the  uniform  sulfide  layers  can  best  be  desoribed  as  uniform.  Localizal  corrosion  was  observed  under 
discrete  deposits  on  the  surfaces  of  all  alloys  (Figure  1 1). 

DISCUSSION 

Copper  alloys  prevent  or  rcUird  the  settlement  of  mucrofouling  species  such  as  barnacles  and  mussels.'-  *'■  However, 
bacteria,  microalgac,  protozoa  and  their  cellular  exudates  form  a  slime  layer  on  copper  containing  surfaccs."^"^^ 
.Marszalck  ct  al.  documented  tliat  copper  fouled  at  a  slower  rate  than  stainless  steel  and  glass  surfaces,  that  fungi  were 
conspicuously  absent  on  copper  surfaces  and  that  diatoms  appeared  only  after  cop|)cr  surfaces  were  covered  with  a 
microfouling  layer  of  baclcria/exu-accllular  polymer.  Both  macrofouling  and  microfouling  increase  as  tire  vonccnuation  of 
nickel  in  the  alloy  incrca.scs.^^ 

In  the  two  field  studies  reported  in  this  paper,  SRB  were  isolated  from  localized  deposits  associatcvl  with  pus.  SRB  arc  a 
diverse  group  of  anaerobic  bacteria  that  can  be  isolated  in  many  anaerobic  habitats,  including  tire  marine  env  ironment 
where  the  concenuation  of  sulfate  in  seawater  is  high  (typically  2  gm  I'^)  and  fairly  constunt.^^  Seawater  piping  systems 
have  high  surface  areas  at  which  nutrient.,  ,.an  concentrate,  predisposing  these  systems  to  biofilm  formation.'*  The 
mctal/biofilm  interface  can  become  anaerobic  and  prov  id...  a  nii  he  fur  .siilfiric  production  by  SRB. 

Little  ct  al.^^-’  published  several  reports  documenting  localized  corrosion  of  copper  alloys  by  SRB  in  estuarine 
environments.  Others  reported  the  failure  of  copper  .dloys  in  polluted  .seawater  ..ontaining  waterborne  sulfides  that 
stimulate  pitting  and  stress  corrosion  ^racking. '  Copper  alloys  suffer  accelerate.,!  corrosion  attack  in  seawater  containing 
O.Ol  ppm  sulfide  after  l-day  exposure.'  ’  Pope*'  i.solaterl  SRB  from  90Cu.l0Ni  surfaces  under  deposits  of  iron-  and 
manganese-depositing  bacteria  a.id  under  di.v  .etc  deposib  of  slin.e  forming  organisms  where  severe  pitting  was  observed. 
The  pits  under  the  deposib  contained  up  to  .several  million  SRB  per  pii.  It  was  proposed  that  the  deposib  were  formed  by 
the  action  of  slime  forming  organisms  and  iron  and  manganc-sc  depositing  bacteria  precipitating  metals  in  the  hydroxide 
fotr.is.  Tlicsc  surface  deposits  provide  an  ..naerobic  environment  that  pcrmib  the  growili  of  SRB  and  the  production  of 
corrosive  metabolic  products. 
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Corrosion  of  the  Monel  400  tube  was  characterued  by  pit  formation  under  blisters  containing  SRB.  Differential  aeration 
cells  appear  to  have  been  created,  with  low  concentration  of  oxygen  immediately  underneath  the  deposits  creating  an 
anaerobic  environment  for  SRB.  The  surface  area  under  the  deposit  becomes  anodic  and  corrodes  while  the  electrons  that 
are  generated  react  at  the  cathodic  region  of  high  oxygen  concenpation.  Chlorine  and  sulfur  had  accumulated  within  the 
pit  and  reacted  with  the  iron  and  nickel  in  the  alloy.  There  was  a  selective  leaching  of  nickel  from  the  alloy  leaving  a 
spongy  copper-rich  material  in  the  base  of  the  pit. 

Monel  has  a  tendency  for  the  initiation  of  pitting  in  chloride-containing  environments  where  the  passive  film  can  be 
disturbed.  Under  stagnant  conditions,  chlorides  can  penetrate  the  passive  film  at  weak  points  causing  pitting  attack. 
Sulfides  can  cause  either  a  modificauon  of  the  oxide  layer  or  a  breakdown  of  the  nickel  oxide  film.  Pit  initiation  and 
propagation  depend  on  the  depth  of  exposure,  temperature  and  presence  of  surface  deposits.^  *^  Gouda  ct  al.^^ 
demonstrated  pitting  of  Monel  400  tubes  exposed  in  Arabian  Gulf  seawater.  Pits  developed  under  deposits  of  SRB  and 
nickel  had  been  selectively  dcalloycd. 

Because  of  the  divers;,  y  among  naturally -occurring  SRB,  ..even  mixed  cultures  of  strict  and  facultative  anaerobes  were 
isolated  from  a  variety  of  ^.orroding  materials,  maintained  in  the  laboratory,  partially  characterised  and  used  to  inoculate 
copper-containing  metals.  The  substratum  to  which  the  microbes  attach  plays  a  major  role  in  biofllm  processes  and  may 
influence  the  rate  of  cell  accumulation  as  well  as  the  distribution  of  cells.  Corrosion  and  sulfide  film  formation  on  copfier- 
containing  metals  were  followed  using  ESEM/EDS.  ESEM  offers  a  non-dcstructivc  method  for  imaging  wet  biofilms  on 
surfaces  taken  directly  from  liquid  medium  without  any  sample  preparation.  Also,  EDS  analysis  can  be  performed  at  the 
same  time  tlic  sample  is  being  viewed  and  photographed. 

The  ability  to  measure  wet  corrosion  layers  on  metal  surfaces  demonstrated  that  the  degree  of  surface  dcrivatixalion  by 
microbiologically  produced  sulfides  depends  on  the  alloy  composition  and  the  specific  consortium  of  microorganisms.  A 
porous  layer  of  cuprous  sulfide  with  the  general  stoichiometry  Cu2  xS,  0<x<l  forms  in  the  presence  of  sulfide  ions.^^ 
Copper  ions  migrate  through  the  layer,  react  with  more  sulfide,  an.i  produce  a  thick,  black  scale  (Figure  ."b,  d).  It  lias 
been  argued  that  if  the  copper  sulfide  layer  were  djurleite  (Cu|  the  sulfide  layer  would  be  protective.'*'*  In  separau 
experiments,^^  djurclite  was  identified  in  the  x  ray  crystallography  patterns  on  99Cu  and  90Cu.l0Ni  exposed  to  cultures 
II  and  IV.  However,  even  if  such  a  sulfide  film  were  technically  passivating,  the  film’s  mechanical  stability  is  so  poor  that 
sulfide  films  arc  u.sclcss  for  corrosion  protection.  In  the  presence  of  turbulence,  the  loosely  adherent  sulfide  film  is 
removed,  exposing  a  fresh  copper  surface  to  react  with  the  sulfide  ions.  For  these  reasons  turbulence  induced  corrosion 
and  sulfide  attack  of  copper  alloys  cannot  easily  be  decoupled.  In  the  presence  of  oxygen,  the  possible  corrosion  reactions 
in  a  copper  sulfide  system  arc  cxU’cmcIy  complex  because  of  the  large  number  ol  stable  copper  sulfides,^*  tlicir  differing 
electrical  conductivities,  and  catalytic  effects.  Syrcit’*^  rcviewctl  the  uansformations  between  .sulfides  and  oxides  that 
result  in  changes  in  volume  and  bond  weakening,  leading  to  spalling. 

A  very  important  feature  of  wet  biofilms  on  aopper -containing  metals  was  that  the  microorganisnis  were  distributed 
throughout  tlic  coppcr/nickcl/iron-rich  surface  layers  and  not  on  top  of  these  layers  as  .some  traditional  scanning  electron 
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!thicrograpHs!havc  indicated.  The  microbiologically  produced  corrosion  layers  were  enhanced  in  iron  and  nickel  relative  to 
ithe  base  alloy  suggesting  selective  dealloying.  Manganese  that  accumulated  within  tlie  biofilm  (Figure  10)  must  have 
f^n  bound  from  the  culture  medium.  Wagner  et  al.^^  demonstrated  metal  binding  by  a  marine  bacterium  on  copper 
surfaces.  'Metal -binding  is  easier  to  detect  on  wet,  unprepared  biofilms.  The  role  of  polymer-bound  metals  in  the 
icorrosioh  of  copper  alloys  has  been  addressed  by  Gecscy.^^ 

CONCLUSIONS 

Microbiologically  produced  sulfides  appear  to  react  preferentially  with  iron  and  nickel  in  topper  alloys.  Any  benefits 
these  alloying  constituents  provide  to  the  corrosion  protection  of  the  alloy  arc  lost  in  the  presence  of  SRB  where  selective 
dealloying  is  suggested. 

The  lack  of  tenacity  of  sulfide  films  on  high  copper  alloys  is  a  factoi  i  the  enhanced  corrosion  observed  in  the 
presence  qfiSRB.  Sulfide  films  slough  from  the  surface,  exposing  fresh  copper  to  react  with  the  microbiologically 
produced  sulfides.  The  inability  to  isolate  SRB  from  locali/.cd  corrosion  on  the  surface  of  high  copper  alloys  may  be  due 
■to  turbulence  in  tlic  system  or  loss  of  sulfide  layers  during  sample  manipulation. 
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Table  -1.  Summary  of  mixed  microbial  cultures  originally  isolated  from  corroding  naval  materials  in  marine  and  non-marine 
environments. 


CULTURE 

METAL 

PRIMER 

TOPCOAT 

1 

4140  Steel 

5  Step  Iron  Phosphate 

None 

II 

4140  Steel 

5  Step  Iron  Phosphate 

Epoxy 

III 

4140  Steel 

Zinc 

None 

IV 

4140  Steel 

IVD-Aluminum 

Nylon 

V 

4140  Steel 

5  Step  Iron  Phosphate 

None 

VI 

Carbon  Steel 

Proprietary 

Proprietary 

VII 

Aluminum  Alloy 

Epoxy 

Polyurethane 

Table  2  Antibiotic  and  desulloviridin  screens  on  pure  cultures  of  marine  and  non-marine  sulfate  reducing  bacteria. 


CULTURE 

Amp^ 

Tet^ 

KanC 

Str^ 

Ch|3 

Desulloviridin* 

1 

+ 

+ 

- 

• 

- 

+ 

II 

+ 

+ 

• 

- 

- 

+ 

III 

+ 

+ 

• 

- 

- 

+ 

IV 

+ 

+ 

+ 

+ 

■ 

+ 

V-#1 

+ 

+ 

+ 

. 

. 

+ 

y-ft2 

+ 

+ 

- 

• 

+ 

VI 

+ 

• 

- 

- 

• 

+ 

vug 

+NaCI#1 

+ 

+ 

+NaCI#2 

+ 

- 

- 

• 

- 

+ 

•NaCIffI 

N.D.h 

N.D. 

. 

-NaCI#2 

N.D. 

N.D. 

- 

■ 

■ 

^  Amp,  50  micrograms  ampicillin/ml. 

Tet,  15  micrograms  tetracycline/ml. 

^  Kan,  50  micrograms  kanamycin/ml. 

Str,  25  micrograms  streptomycin/ml. 

®  Chi,  10  micrograms  chloramphenicol/ml. 

*  The  desulloviridin  test  is  described  in  the  materials  and  methods  section  of  this  report.  +,  desulfoviridin-positive 
result  and  is  evidence  for  the  isolate  being  Desulfovibrio;  desulfoviridin-negative  isolate. 

9+NaC!,  SRB  isolates  that  require  0.5%  or  greater  concentrations  of  NaCl  but  these  isolates  also  grew  without  any 
NaCI  added  to  the  medium. 

^  N.D.,  Not  determined. 
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Table  3.  Thickness  of  copper  foils  and  sulfide  layers  after  4  months  incubation. 


Thickness  of  Base 

Thickness  of  Sulfide 

Metal  (m) 

Layer  (m) 

Sterile,  Unexposed 

128 

0 

Medium  -  NaCI 

120 

6 

Medium  +  NaCI 

110 

12 

Culture  1 

100 

3-5 

Culture  2 

80 

6 

Culture  3 

60 

8 

Culture  4 

65 

Culture  5 

80 

6 

Culture  6 

70 

4 

Table  4. 


90/10  Base 
Metal 

90/10  Colonized 
With  Culture  II 

90/10  With 
Biofilm  Removed 

70/30  Base 
Metal 

70/30  Colonized 
With  Culture  VII 

70/30 

Under  Biofilm 

Si 

0.6/ 

0.69 

■ 

0.61 

0.68 

B 

7.44 

14.57 

0.006 

11.06 

9.31 

Mn 

0.5 

0.92 

0 

0.78 

Fe 

1.4 

25.95 

5.48 

0.51 

15.82 

3.83 

Ni 

9.6 

20.06 

2.91 

29.43 

28.78 

15.46 

Cu 

88.2 

44.34 

77.03 

69.09 

42.97 

71.41 

Zn 

0.1 

.02 

101/13 


■jii;  1.  (a)  CrosG-SGCtion  of  COA  706 
iin,  (b)  SfAM  micrograph  of  bacteria  in 


Figure  4.  (a;  EDS  spectrum  of  unexposed  Monel  400,  (b)  EDS  spectrum  of  Monel  400  after  exposure  to  estuarine  water 
for  SIX  months  showed  an  accumulation  of  silicon,  sulfur,  and  chlorine  with  elevated  concentrations  of  iron  and  nickel, 

(c)  EDS  spectrum  of  the  residual  metal  m  the  base  of  the  pit  showing  nickel  depletion  and  copper  enrichment. 
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Figure  5.  (a)  Surface  of  99Cu  after  4 -month  exposure  to  grov/th  medium  NaCl  with  no  SRB  added,  (b)  Gurfai,e  o.'  99Cu 
after  a  4-month  incubation  with  culture  111,  (c)  Surface  of  brass  foil  after  4-month  exposure  to  growth  medium  haCl  with  no 
SRB  added;  (d)  Surface  of  brass  foil  after  4-month  incubation  with  culture  I. 
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Figure  6.  (aj  Edge  view  of  99i,^u  foil  before  exposure,  ano  ibj  Edge  vieiv  of  99Cu  after  4-month  incubation  vvilr.  c.>'‘.ure  III 


Figure  7  Surface  of  99Cj  af’er  4-.".roi'.th  mcubaton  wii'. 
culture  VI 
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Figure  8.  ESEM  micrographs  of  biofiln-.  i (a;  Copper  foil  affar  4-month  incubation  with  culture  II,  (b)  Copper  foil  after  4- 
month  incubation  with  culture  ill,  (c)  Brass  foil  after  4-.Tior.;..  '’cubation  with  culture  I,  and  (d)  Brass  foil  after  4-month 
incubation  with  culture  V. 


Figure  9.  Sulfide  deposits  on  cell  from  culture  II  on  99Cu.  Figure  10.  EDS  spectrum  collected  from  the  surface  of 
1 0NI  detected  by  ESEM/EDS.  CDA  706  colonized  by  culture  11. 
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